Abstract-In this study, we investigated the effect of flow perfusion culture on the mineralization of co-cultures of human umbilical vein endothelial cells (HUVECs) and human mesenchymal stem cells (hMSCs). Osteogenically precultured hMSCs were seeded onto electrospun scaffolds in monoculture or a 1:1 ratio with HUVECs, cultured for 7 or 14 days in osteogenic medium under static or flow perfusion conditions, and the resulting constructs were analyzed for cellularity, alkaline phosphatase (ALP) activity and calcium content. In flow perfusion, constructs with monocultures of hMSCs demonstrated higher cellularity and calcium content, but lower ALP activity compared to corresponding static controls. ALP activity was enhanced in co-cultures under flow perfusion conditions, compared to hMSCs alone; however unlike the static controls, the calcium content of the co-cultures in flow perfusion was not different from the corresponding hMSC monocultures. The data suggest that co-cultures of hMSCs and HUVECs did not contribute to enhanced mineralization compared to hMSCs alone under the flow perfusion conditions investigated in this study. However, flow perfusion culture resulted in an enhanced spatial distribution of cells and matrix compared to static cultures, which were limited to a thin surface layer.
INTRODUCTION
Bone marrow is populated by a variety of stem and progenitor cells that endow the tissue with a high regenerative capacity. 29 One such cell population is mesenchymal stem cells (MSCs), which are capable of differentiating into bone-forming osteoblasts, and reside in the perivascular niche of the bone marrow. 8, 26, 29 The localization of MSCs around blood vessels has prompted the investigation of cross-talk between MSCs and vascular cells for a variety of tissue engineering applications. In some cases, the co-culture of MSCs and vascular cells, such as endothelial cells (ECs) has been investigated in an effort to enhance the osteogenic or angiogenic properties of tissue engineered constructs. For example, the addition of ECs to cultures of MSCs has been previously shown to enhance the osteogenic differentiation of the cultures. 3, 21, [31] [32] [33] While numerous studies have investigated such cocultures in various culture conditions, 21 the majority of research to-date has focused on the co-culture of these cells in static conditions. 9 In order to better recapitulate the bone marrow perivascular niche, the dynamic mechanical environment in vivo should also be considered in an in vitro co-culture system. 13 Flow perfusion bioreactor systems can be used to apply mechanical stresses to three-dimensional cell cultures. 6 Furthermore, relative to static culture, flow perfusion culture has been shown to be capable of improving the infiltration, proliferation, and osteogenic differentiation of MSCs in three-dimensional scaffolds through the enhancement of mass transfer and the application of shear stress to the cells. 1, 6, 25, 30 While several studies have investigated the effects of shear stress on the vascularization of EC and MSC co-cultures, 18 ,24 the effect of flow perfusion culture on the osteogenic differentiation of MSCs in such co-cultures has not been evaluated.
Thus, the goal of this study was to investigate the effects of flow perfusion culture on the mineralization of cocultures of human MSCs (hMSCs) and human umbilical vein endothelial cells (HUVECs) on three-dimensional porous polymer scaffolds. It was hypothesized that flow perfusion culture would enhance the osteogenenic differentiation of hMSCs and that addition of HUVECs would have a beneficial effect in flow perfusion. In order to evaluate this hypothesis, osteogenically precultured hMSCs were cultured alone or with HUVECs on electrospun microfiber scaffolds in flow perfusion and static conditions and analyzed after 7 and 14 days.
MATERIALS AND METHODS

Experimental Design
Osteogenically precultured hMSCs were seeded onto electrospun poly(e-caprolactone) (PCL) scaffolds and cultured in osteogenic medium for up to 14 days. In order to investigate the effects of hMSC co-culture with ECs, HUVECs were cultured with hMSCs in a 1:1 ratio on the PCL scaffolds (MH). Additionally, to control for the effects of cell density, low-density (M1) and high-density (M2) hMSC monocultures were investigated. The low-density monocultures (M1) consisted of half the number of hMSCs as the highdensity hMSC group (M2) and the same number of hMSCs as the co-culture groups (MH). In order to investigate the effects of flow perfusion on these cell populations, cultures were conducted in static (St) and flow perfusion (Fl) conditions. 6 For each time point, two bioreactor units (with 10 constructs in each unit) were employed, and constructs were analyzed for DNA, alkaline phosphatase (ALP) activity, and calcium content (n = 10, flow perfusion; n = 6, static). Additionally, histological analysis (n = 6, flow perfusion; n = 2, static) and scanning electron microscopy (SEM) (n = 4, flow perfusion; n = 2, static) were performed to visualize the presence and distribution of cells and extracellular matrix.
Scaffold Fabrication and Characterization
Nonwoven PCL microfiber mats with an average fiber diameter of approximately 10 lm (9.4 ± 1.0 lm) were fabricated as previously described, 25 using a horizontal electrospinning setup. An 18 wt% PCL solution was prepared by dissolving PCL (inherent viscosity 1.0-1.3 dL/g; Lactel, Pelham, AL) in a solution of 5:1 v/v chloroform:methanol. The PCL solution was pumped at a flow rate of 25 mL/h through a blunt 16 G needle, which continuously received an applied voltage of 25 kV. The needle tip was directed at a copper collecting plate 33 cm away. Fiber diameter and morphology were inspected via SEM. Scaffolds (1.2-1.3 mm in thickness) were punched from electrospun mats using a 3 mm biopsy punch and loaded into custom-made polycarbonate holders designed to confine the cell solution during seeding and support the scaffolds during perfusion culture. 6 Scaffolds were then sterilized by exposure to ethylene oxide (Anderson Sterilizers, Haw River, NC) for 14 h and aerated overnight to remove residual gas. Following sterilization, scaffolds were pre-wetted by soaking in a decreasing ethanol gradient (100 to 25%), rinsed three times in phosphate buffered saline (PBS), and soaked in culture medium (a-MEM, 13% fetal bovine serum (FBS) (Atlanta biologicals, Norcross, GA), 1% penicillin/streptomycin/fungizone (Gibco, Grand Island, NY)) for three nights at 37°C prior to cell seeding.
Cell Culture and Seeding
Frozen bone marrow-derived hMSCs were provided by Dr. Darwin Prockop from the Texas A&M University Health Science Center in Temple, Texas, USA. Per the supplier, cells were confirmed to possess widely accepted CD-markers, including CD90, CD105 and CD73, and to be capable of osteogenic and adipogenic differentiation up to passage 4. 8 For this experiment, the hMSCs were thawed and cultured for 2 passages in expansion medium (a-MEM without nucleosides and ribonucleosides (Gibco) with 13% v/v FBS, 100 units/ mL penicillin, 100 lg/mL streptomycin (Gibco) and 2-4 mM L-glutamine (Sigma, St. Louis, USA)) and osteogenically precultured for 7 days in osteogenic medium (expansion medium supplemented with 10 nM dexamethasone, 10 mM b-glycerol-phosphate and 0.2 mM ascorbic acid (all from Sigma)).
Frozen primary HUVECs pooled from several donors were purchased from American Tissue Culture Collection, (ATCC, Manassas, VA). According to the supplier's certification, the cells were von Willebrand factor positive and smooth muscle a-actin negative. HUVECs were thawed and cultured until passage 4 in vascular cell basal medium containing 0.2% bovine brain extract (BBE), 5 ng/mL rhEGF, 10 mM L-glutamine, 0.75 units/mL heparin sulfate, 1 lg/mL hydrocortisone, 50 lg/mL ascorbic acid, 2% v/v FBS (Endothelial Cell Growth Kit-BBE) (all from ATCC) and 10 units/mL penicillin, 10 lg/mL streptomycin and 25 ng/mL amphotericin B (Gibco).
Cells were detached from T-225 Falcon flasks with 0.05% Trypsin-EDTA (for HUVECs) or 0.25% Trypsin-EDTA (for hMSCs) (Sigma), centrifuged at 1200 rpm for 10 min, and resuspended in expansion medium. Cell suspensions in 30 lL of culture medium were then pipetted onto the scaffolds at a density of 35,000 and 70,000 cells per scaffold for monocultures of hMSCs (M1 and M2) and 70,000 total cells at a 1:1 ratio for co-cultures (MH: 35,000 hMSCs and 35,000 HUVECs). After an overnight attachment period, perfusion samples were cultured in a flow perfusion bioreactor with 45 mL of osteogenic medium at a flow rate of 0.03 mL/min through each 3 mm scaffold, as previously described. 5, 6 At the same time, static cultures were removed from loading cassettes and transferred to 12 well plates with 3 mL of osteogenic medium in each well. Half of the medium in flow perfusion and static cultures was changed twice a week for up to 14 days. Six constructs from each group were harvested the day after seeding to assess the seeding efficiency. At each time point twenty constructs from two bioreactor units and ten static constructs were harvested, rinsed with PBS, and frozen at 220°C for storage.
Biochemical Assays
Prior to biochemical analysis, samples underwent two freeze/thaw cycles in 250 lL of ddH 2 O, followed by 10 min of sonication. 20 The concentration of double stranded DNA (dsDNA) in the supernatant was quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Eugene, OR) according to the manufacturer's instructions and as previously described. 20, 23 Briefly, cell lysate, buffer, and dye were pipetted into an opaque 96 well plate in duplicates, and fluorescence was measured with an excitation wavelength of 485 nm and an emission wavelength of 528 nm (FL 9800 Fluorescence Microplate Reader; BioTek Instruments, Winooski, VT). DNA concentrations were determined relative to a lambda DNA standard curve.
ALP activity of different constructs was measured using a previously established colorimetric assay. 20 Briefly, samples were combined with buffer and p-nitrophenyl phosphate disodium salt hexahydrate (ALP-substrate) (Sigma, USA) in a clear 96-well plate in duplicates. Plates were incubated for 1 h at 37°C, and the absorbance of each well was measured at 405 nm (PowerWave 340 Microplate Reader; BioTek Instruments). The ALP activity of samples was determined relative to a p-nitrophenol standard curve and normalized to the total DNA content of each individual sample.
Calcium content of constructs was determined using an established colorimetric assay, as previously described. 20 Constructs were placed into 0.2 mL 1 N acetic acid, and left on a shaker table at 200 rpm overnight to dissolve calcium in the constructs. The supernatant and calcium reagent (Arsenazo III, Diagnostic Chemicals, Oxford, CT) were pipetted into a clear 96-well plate, and the absorbance at 650 nm was measured. Samples were run in duplicate and diluted to fit within the range of a standard curve generated using CaCl 2 .
Histology
Constructs from each group were rinsed with PBS, fixed in 10% neutral buffered formalin (Fisher Scientific, Pittsburgh, PA) for 30 min at room temperature, and then dehydrated for 30 min in 70% ethanol. Samples were then embedded into HistoPrep freezing medium (Fisher Scientific) overnight and frozen. Sections, 7 lm thick, were made using a cryostat (Leica CM 1850 UV; Leica Biosystems Nussloch GmbH, Germany) and mounted onto glass slides. Slides were placed on a 42°C slide warmer for 2-3 days to enhance scaffold adhesion. Sections were stained with Fast Green and von Kossa stains to visualize the distribution of cells and matrix and mineralized matrix, respectively. Images were taken using a ZeissAxio Imager.Z2 microscope equipped with AxioCam MRc5 (Carl Zeiss MicroImaging GmbH, Germany).
Scanning Electron Microscopy
Constructs from each group were rinsed with PBS, fixed in 2.5% v/v glutaraldehyde in PBS for 30 min at room temperature. They were then dehydrated with a gradient alcohol series and dried under laminar air flow in a culture hood for 1 day. Dried samples were mounted onto aluminum stubs and sputter-coated with 15 nm of gold. Extracellular matrix morphology of constructs was evaluated via SEM (FEI Quanta 400 Environmental, Hillsboro, OR) under high vacuum at a 30 kV voltage.
Statistical Analysis
Results were analyzed using one-way ANOVA with Tukey's post hoc test using JMP 10 software. Differences were considered significant at p < 0.05, and results are presented as mean + standard deviation for n = 10 (flow perfusion) and n = 6 (static).
RESULTS
Construct Cellularity
Over the time course of the experiment, all groups showed an increase in DNA content from the day 0 samples, and all cell populations showed an increase in cellularity as a result of flow perfusion culture (Fig. 1) . As expected, the DNA contents of the high-density monocultures (M2) were greater than the low-density monocultures (M1) immediately after the initial attachment period. However, after 7 days no difference was observed in cellularity between the two seeding densities in either static or flow perfusion. While the DNA content of the high-density static monocultures (M2 St) was greater than the lower density (M1 St) at 14 days, the opposite effect was seen in the flow perfusion cultures (M2 Fl and M1 Fl). The high-density flow perfusion monoculture (M2 Fl) showed an increase in DNA content at day 7 but did not show any significant change in cellularity from day 7 to 14. In contrast, the low-density flow perfusion monoculture (M1 Fl) showed a continuous increase over the course of the study, resulting in a higher cellularity than the highdensity monoculture by day 14. The initial cell density in the co-cultures (MH Fl and MH St) was equal to that of the high-density monocultures (M2 Fl and M2 St). However, after 14 days in static culture, the co-cultures (MH St) resulted in lower DNA content than the highdensity monocultures (M2 St) and an equivalent amount of DNA as the low-density monocultures (M1 St). Similarly, in flow perfusion, the co-cultures followed the same trend as the low-density monocultures, where after 7 days the co-cultures had lower cellularity than the high-density monocultures but after 14 days exceeded the cellularity of the high-density monocultures.
ALP Activity
ALP activity was higher in static samples compared to the corresponding perfusion samples at all time points (Fig. 2) . No difference was observed in ALP activity between the high-and low-densities of hMSCs in either static or flow perfusion. However, a higher level of ALP activity was found after 7 days in the cocultures in both culture conditions compared to the hMSCs alone. A decrease in ALP activity from 7 to 14 days was observed in the static high-density monoculture (M2 St) and both co-culture (MH St and MH Fl) groups, and by day 14 there was no statistical difference in ALP activity between any group.
Calcium Content
In the monoculture groups, calcium content was higher in flow perfusion than in static at both time points and at both seeding densities (Fig. 3) . In static, no difference in calcium deposits was observed between the high-and low-densities at either time point, but after 14 days in flow perfusion, the highdensity monoculture (M2 Fl) led to greater levels of mineralization compared to the low-density (M1 Fl). Calcium content in the static co-culture group (MH St) was greater than both static monocultures and the flow perfusion co-culture at both time points. In flow FIGURE 1. DNA content of constructs cultured for 14 days in osteogenic medium in static (St) or flow perfusion (Fl) conditions. Scaffolds were seeded with either 35,000 hMSCs (M1), 70,000 hMSCs (M2) or 35,000 hMSCs and 35,000 HUVECs (MH). Samples were taken after 0, 7, and 14 days of culture. Data are presented as means + standard deviation. At a given time point, statistical differences (p < 0.05) between co-cultures (MH) and low-density monocultures (M1) are indicated by #, and differences (p < 0.05) between co-cultures (MH) and high-density monocultures (M2) are indicated by *. At a given time point, statistical differences (p < 0.05) between high-density monocultures (M2) and low-density monocultures (M1) are indicated by x, and statistical differences (p < 0.05) between a flow perfusion group (Fl) and the corresponding static group (St) are indicated by +. Within a group, statistical differences (p < 0.05) compared to previous time points are indicated by à.
perfusion, the co-cultures had no significant effect on the mineralization compared to the low-density monocultures and had lower calcium contents compared to the high-density monocultures.
Histology
Staining of histological sections was consistent with the results of the biochemical assays (Fig. 4) . Higher intensity Fast Green staining was observed in flow perfusion samples compared to static samples, indicating higher cellularity and matrix production. Similarly, greater von Kossa staining was observed in the static cocultures and high-density flow perfusion samples (MH St and M2 Fl). A more homogeneous spatial distribution can be observed in the sections of flow perfusion samples, as staining in static samples was primarily localized to the top region of the construct.
Scanning Electron Microscopy
SEM imaging (Fig. 5 ) demonstrated cells and extracellular matrix completely covering the scaffold surfaces as well as cells infiltrating the pores between PCL fibers. SEM imaging confirmed that static cocultures exhibited the greatest mineralization and that both monocultures in flow perfusion exceeded the mineralization of those in static. Furthermore, highdensity flow perfusion cultures displayed the most abundant mineral deposition among all flow perfusion groups.
DISCUSSION
Previous research has shown that when co-cultured with osteoblasts or MSCs, ECs enhance osteogenic potential as demonstrated by greater ALP activity and mineralization. 3, 12, 21, 32 Furthermore, previous studies from our laboratories have demonstrated that co-culturing osteogenically precultured hMSCs with HUVECs in a 1:1 ratio under static conditions led to enhanced osteogenic differentiation compared to cultures of hMSCs alone. 9 Both cell populations have previously been shown to be highly responsive to mechanical forces, 1, 16, 22 and the effect of mechanical stimulation on the behavior of endothelial cells and vascularization in co-cultures has been investigated. 18, 24 However, the effect of mechanical forces on the osteogenic differentiation of hMSC/HUVEC cocultures has not been evaluated. Thus, the objective of this study was to investigate the effects of flow perfusion culture on co-cultures of hMSCs and HUVECs. Specifically, it was hypothesized that flow perfusion would enhance the osteogenic differentiation of hMSCs in such co-cultures.
In the present study, flow perfusion culture was shown to significantly enhance cell proliferation and cell and matrix distribution through the constructs in all groups. These results are consistent with previous studies, 1, 4, 14, 20 which demonstrated enhanced proliferation and distribution of MSCs as a result of enhanced mass transfer, 1 as well as through the application of shear stress to the cells. 30 Here, it was observed that flow perfusion culture stimulated the proliferation of both high-and low-density hMSC cultures, although the timing of proliferation varied with seeding density. Similarly, previous work investigating the effect of flow perfusion on co-cultures of rat MSCs and aortic ECs found increased proliferation compared to either cell type alone. 18 In contrast to the previous study, cocultures of the present study did not stimulate cell proliferation in flow perfusion conditions, which could be a result of the difference in the culture conditions or cell species used in the two studies. 18 Furthermore, while quantifying the total DNA content indicates the proliferation within the construct as a whole, it cannot distinguish between the proliferation rates of the hMSCs or HUVECs in co-culture.
The co-culture ALP activity was enhanced in both static and perfusion culture; however when comparing static to flow perfusion conditions, perfusion culture led to a reduced level of ALP activity at all time points evaluated. The enhanced ALP activity in the co-cultures is consistent with previous studies of co-cultures in static conditions 3, 9, 21, 32 and with the enhanced mineralization that was also observed in these cultures. While ALP activity is a transient marker and thus no definitive conclusions can be drawn from this result, the enhanced ALP activity of the perfusion co-cultures at the time points evaluated here, suggests that the addition of HUVECs to hMSC cultures may enhance early stages of osteogenesis in both static and flow perfusion. While reduced ALP activity was observed in flow perfusion compared to static conditions, the cultures were only assayed at 7 and 14 days, and thus different results may have been observed at earlier time points.
Previous research has shown enhanced osteogenic differentiation of rat MSCs in high-density compared to low-density cultures as a result of increased cell-cell communication. 15, 17 In the present study, no effect of the seeding density on either ALP activity or calcium content in monocultures was observed in static conditions. While no effect was observed in static cultures for to the specific densities evaluated, increased mineralization (characteristic of late-stage osteogenic differentiation) was observed in the high-density compared to the low-density flow perfusion monocultures after 14 days. The increased levels of calcium could be a result of increased cell number. However after noting the equivalent levels of ALP activity between these two groups, the enhanced late stage ostoegenesis may also be attributed to a higher applied shear stress resulting from a reduced scaffold pore size due to greater quantities of ECM being produced by the high cell density. Previous studies have demonstrated that the quantity of ECM produced by osteogenically differentiating MSCs is sufficient to reduce the average pore size in fibrous scaffolds 7 and that a lower scaffold mesh size in flow perfusion can lead to greater mineralization. 15 Furthermore, increased shear stress has demonstrated a capacity to enhance mineralization, without significantly affecting ALP activity, which led to the conclusion that variation in shear stress primarily affects the later stages of osteogenic differentiation. 1, 30 Additionally, this result is consistent with studies evaluating hMSC seeding density and flow rate in perfusion, in which it was observed that while seeding density affected construct mineralization, seeding density was a less significant factor than flow rate (i.e., shear stress).
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While the mineralization of hMSC monocultures was enhanced in flow perfusion compared to static culture, the opposite outcome was observed in the co-cultures where the calcium content was reduced under flow perfusion conditions. The most likely explanation for this outcome includes the application of suboptimal flow perfusion parameters as well as reduced cell-cell contacts. A flow rate of 0.03 mL/min through each 3 mm scaffold was selected for this study in order to provide an average shear stress approximating the level which was previously shown to be beneficial for osteogenic differentiation of rat MSCs. 1, 30 The initial shear stress level was estimated based on a cylindrical pore model previously used to calculate the level of shear stress in scaffolds of this geometry. 1, 10, 25 Based on this approximation, the initial shear stress was estimated to be 0.15 dynes/cm 2 . While this flow rate proved to be beneficial to the osteogenic differentiation of rat MSCs alone, an optimal level of shear stress for the co-culture of human cell populations has not been established. The ideal range of shear stress for the osteogenic co-cultures of these cell types may be a balance between the level that alone is beneficial for osteogenic differentiation and that which promotes the proliferation or specific gene expression of the endothelial cells. For example, studies have demonstrated improved EC proliferation and microvasculature formation in co-cultures with MSCs Samples were taken after 7 and 14 days of culture and were stained with Fast Green (green) to visualize the distribution of cells and matrix (first and third row) and von Kossa (brown) to visualize the presence of minerals (second and fourth row). Scale bar represents 100 lm in all images. when exposed to approximately 5 dynes/cm 2 in collagen gels. 18 ECs are highly sensitive to shear stress, and can exhibit vastly different responses and gene expression patterns depending on the magnitude of shear stress experienced. 16, 19, 27 Thus, a different effect may have been observed with different flow rates, a potentially interesting phenomenon for future study.
Reduced cell-cell contacts resulting from increased cellular infiltration into the scaffolds, as seen in Fig. 4 , is another possible explanation for perfusion-dependent reductions in calcium content in co-cultures. The relationship between seeding density, scaffold pore size, and flow rate for perfusion cultures was emphasized previously 2, 11, 28 generating outcomes in agreement with the data presented herein. While soluble signaling is certainly significant in the osteogenesis of co-cultures, bone marrow-derived MSCs are thought to be especially sensitive to cell-cell contacts. 3, 12 An enhancement of osteogenic differentiation may result from increased cell density in perfusion co-cultures, which also increased the number of cell-cell contacts. The fact that mineralization was greatest in the high-density monoculture group and was virtually equal between the low-density monoculture and co-culture groups further supports the conclusion that optimization of the seeding density may enable better osteogenic outcomes in co-cultures under flow perfusion conditions.
Here, a 1:1 ratio of hMSCs to HUVECs was implemented, as previous studies have shown that a 1:1 ratio of hMSCs to HUVECs led to the highest levels of mineralization and ALP activity compared to the other ratios evaluated (80:20 to 98:2), and that the cell ratio had a significant effect on the osteogenic outcome. 21 In the present perfusion cultures, the change in cell ratio in the co-culture over the duration of the experiment is unknown. However, the high-density monoculture exhibited the greatest calcium mineralization, indicating that enhanced osteogenesis may be achieved by increasing the proportion of hMSCs relative to HUVECs in the perfusion co-cultures above a 1:1 ratio.
CONCLUSIONS
Flow perfusion culture was found to enhance the mineralization of hMSC cultures at both high-and low-densities. While hMSC density had no effect on mineralization in static culture, increased hMSC density led to enhanced mineralization in perfusion cultures, possibly due to the higher effective shear stress experienced by cells in these constructs. While co-cultures of hMSCs and HUVECs had enhanced mineralization compared to monocultures in static conditions, the same effect was not observed in perfusion cultures. Co-cultures of hMSCs and HUVECs did not contribute to enhanced mineralization compared to hMSCs alone under the flow perfusion conditions investigated in this study. However, flow perfusion culture did result in an enhanced spatial distribution of cells and matrix compared to static cultures.
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